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THERMOACOUSTIC PIEZOELECTRIC GENERATOR

RELATED APPLICATIONS
This application claims priority of United States Provisional Patent Application
60/459,541, filed March 31, 2003, which is incorporated herein by reference.

GOVERNMENT SPONSORSHIP
This work was supported by the Office of Naval Research grant number N00O14-
98-1-0212 and N00014-03-0652. Accordingly the US government may have certain

rights in this invention.

FIELD OF THE INVENTION
The invention relates to the field of electrical power generation from heat using

oscillatory linear motion alternators.

BACKGROUND OF THE INVENTION

Oscillatory heat engines such as thermoacoustic engines or Stirling engines may
be used for refrigerators or heat pumps, where the energy of gas pressure and volume
oscillations is converted into the movement of heat into the engine at low temperatures
and out of the engine at high temperatures. Oscillatory heat engines may also be used as
prime movers, where heat flow into the engine at high temperatures and out of the engine
at low temperature is converted into gas pressure and volume oscillations.

Conventional Stirling engines have long been used as prime movers that accept
heat at a high temperature, reject less heat at lower temperature, and convert a large
fraction of the difference into useful work in the form of pressure and volume oscillations
of a working gas, such as helium. They are able to do this with high efficiency, defined
as the useful work output divided by the hot heat input. Heat is exchanged between the
external world and the working gas through a hot and a cold heat exchanger. A

regenerator is placed between these two heat exchangers.. The regenerator is a fine
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porous structure, such as a stack of fine metal screen, that is in intimate thermal contact
with the gas. Conventional Stirling engines use two sliding pistons connected by a
mechanical linkage to effect translations of the working gas through the regenerator that
are properly phased with volume changes of the gas. In a common version of such
engines a displacer piston translates the gas through the regenerator and a power piston
takes net power from the engine by allowing expansion of the gas while the pressure is
high and contraction of the gas while the pressure is low. Although Stirling engines have
been under development for almost 200 years, their mechanical complexity has
historically limited their commercial viability. Stirling engines with high power density
typically have internal pressures in excess of 20 atmospheres, creating problems with the
pressure vessel penetrations and sliding seals necessary for connecting rods and moving
pistons. The mass of the moving parts also limits the operating frequency of the engine
to the detriment of the engine's power density. The development of the free-piston
Stirling engine eliminated the mechanical linkage between the power and displacer
pistons and some of the sliding seals by resonating the pistons on gas or mechanical
springs. However, the problems associated with internal sliding piston seals and the
limits brought on by large piston masses remain.

The pressure and volume changes of the working gas can be considered more
generally to be manifestations of sound in the gas. This acoustic point of view inspired
the relatively recent invention of the thermoacoustic-Stirling engine described in US
Patents 4,114,380, 4,355,517, 6,032,464 and 6,314,740 and WIPO publications WO
99/20957 and WO 02/086445 all hereby incorporated by reference for their teachings of
such engines. In the acoustic point of view, the function of the flywheel in the original
Stirling engine is accomplished instead by resonance—the repetitive oscillation of energy
back and forth between potential and kinetic forms. Potential energy is stored in the
compression or expansion of stiffness elements which may take several forms, such as
metal springs or gaseous volumes that act as springs. Kinetic energy is stored in the
oscillatory motion of masses, also of several forms, such as the motion of a mass of a

fluid or a mass of solids. Resonance may be established between discrete lumped

2



10

15

20

25

PST-11302/36
42403jal

stiffness and mass elements, as in the case of a solid block on a coil metal spring or of the
so-called Helmholtz acoustic resonator; or resonances may be established among
distributed elements, each element having both stiffness and mass-like properties, as in
the case of a ringing tuning fork or the acoustic resonances of a gas filled tube; or
resonance may occur in a continuum between these lumped and distributed extremes.

The thermoacoustic-Stirling engine shares with the free-piston Stirling engine the
use of gas springs, but its much simplified mechanical design employs acoustic networks
to form acoustic masses and springs that mimic the function and motion of mechanical
pistons, thereby completely eliminating all pistons, mechanical linkages and sliding seals.
In some forms of the thermoacoustic-Stirling engine, a resonant tube of gas,
approximately the length of half a wavelength of sound, functions as the power piston.

An earlier version of thermoacoustic éngine utilizes standing waves and imperfect
thermal conduction between the working gas and the porous medium, called a stack in
this type of engine rather than a regenerator, to achieve the proper phasing between gas
motion through the stack and expansions and contractions of the gas. Examples of
patents teaching this type of technology are US patents 4,398,398, 4,489,553, 4,722,201
hereby incorporated by reference. Thermoacoustic standing wave engines share with
thermoacoustic-Stirling engines the advantages of eliminating the moving pistons of
conventional or free-piston Stirling devices, and are even simpler in their construction.
However, they suffer from poor efficiency associated with the necessarily poor heat
transfer between the gas and the stack. Like many thermoacoustic-Stirling engines, they
also use a long resonating tube of gas to establish a resonance.

Many other oscillatory heat engines utilizing resonance exist as well, some
examples of which are a cascaded thermoacoustic device, (US patent 6,658,862 hereby
incorporated by reference), a no-stack thermoacoustic device, (R. S. Wakeland and R. M.
Keolian, “Thermoacoustics with Idealized Heat Exchangers and No Stack,” J. Acoust.
Soc. Am., 111 (6), Pt. 1, 2654-2664, 2002, hereby incorporated by reference), a heat-
controlled acoustic wave system of Marrison (US patent 2,836,033 hereby incorporated

by reference) and some very old heat engines such as singing flames, the Sondhauss tube
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and the Rijke tube, described by Rayleigh (J. W. S. Rayleigh, "The Theory of Sound,”
Dover, New York, 1945, Vol. 2, pp. 224-234, hereby incorporated by reference).

The output power per unit volume (the volumetric power density) of a
thermoacoustic engine may be increased by operating the engine at higher frequencies.
The power output of a thermoacoustic-Stirling or standing wave engine is proportional to
the engine area normal to the direction of sound, the mean pressure of the working gas,
the speed of sound of the working gas, and the square of the ratio of the acoustic pressure
amplitude to mean pressure of the working gas. The output power does not explicitly
depend on the operating frequency of the engine. However, the overall length of the
engine is proportional to the wavelength of sound, which is inversely proportional to the
operating frequency, even when solids are used in place of gasses to establish resonance.
Because the volume of the engine is proportional to the normal area times the engine
length, it is therefore possible and advantageous to reduce the volume taken up by the
engine by raising the operating frequency, which can be done with little penalty in output
power. Raising the operating frequency is limited by the ability of the heat exchangers to
function properly when their effective size is limited by the shorter acoustic
displacements that result at higher frequencies, by the parasitic thermal conduction
between hot and cold regions of the engine which will be closer together as the frequency
is increased, and by the moving mass of any transducers used to exchange electrical
power with the engine.

Although it has long been the practice of designers of conventional and free
piston Stirling engines to use the location of the power piston for the transduction of
power into or out of the heat engine, this was not originally the practice in
thermoacoustics. An early attempt to shorten a thermoacoustic device was made by
Hofler and Grant (L. A. Grant, “Investigation of the Physical Characteristics of a Mass
Element Resonator,” M.S. Thesis, Naval Postgraduate School, Monterey, CA, 1992,
National Technical Information Service ADA251792) by substituting a resonating mass
for the mass impedance presented by the typical nearly half wavelength long resonating
tube. (Impedance, or more properly the specific acoustic impedance, is the complex ratio
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of pressure to velocity. A mass impedance has the pressure leading the velocity by 90
degrees so that the pressure is in phase with the acceleration, as would be the case for a
mass.) Similarly, US Patent 6,314,740 and WIPO publication WO 99/20957, for the case
of thermoacoustic-Stirling engines, and US Patent 6,578,364 (herein incorporated by
reference), for the cases of both the thermoécoustic standing wave and thermoacoustic-
Stirling engines, teach that when a thermoacoustic engine is used with a transducer for
removing or adding power (only electrodynamic examples are shown), the length of the
engine can be greatly shortened by substituting the moving mass of the transducer for the
acoustic mass impedance of the working gas in the half wavelength long resonant tube.
In effect, the transducer is used as the power piston of the conventional or free piston
Stirling engines.

Thus, transducers that present a mass impedance may be beneficial; since the core
of oscillatory heat engines often present an impedance which is primarily stiffness-like
(pressure lagging velocity by nearly 90 degrees), the combination of mass-like
transducers and stiffness-like engines, along with other mass and stiffness impedances as
desired, may be combined to form a resonant system that result in compact useful heat
engines.

The only examples of transducers that have been given in the prior art, however,
that present a mass impedance which may be used for this beneficial shortening of the
engine are electrodynamic, because in the prior art only electrodynamic transducers have
a stroke (peak to peak displacement amplitude) sufficient to accomplish this task. Linear
motion electrodynamic transducers (e.g. US patents 4,623,808 and 5,389,844 hereby
incorporated by reference) may be used for driving or generating electricity with any of
the oscillatory heat engine types. This electrodynamic class of transducers, when used as
alternators, for example, use various topologies to induce an electromotive force in a wire
by way of a changing magnetic flux through a stationary coil, or by way of wire motion
through a static magnetic field. Electrodynamic alternators, however, have the
disadvantage that their moving mass tends to be large. This is not generally a problem at

low operating frequencies, where it is more important that the alternator have a large
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stroke to roughly match the large diéplacement amplitude of the sound, but the large
moving mass limits the use of electrodynamic transducers at high frequencies.

A number of piezoelectric generators have been proposed in the patent literature
for a variety of purposes unrelated to the generation of electricity from oscillating heat
engines: a vibrating reed driven by the passage of air in the nose cone of a missile (US
patent 4,005,319 hereby incorporated by reference), bender elements lining a automobile
muffler to pull energy out of the sound of auto exhaust, (US patent 4,467,236 hereby
incorporated by reference), piezoelectric elements embedded in motor vehicle tires to pull
energy out of the flexing of tires via slip rings (US patent 4,504,761 hereby incorporated
by reference), a stack of piezoelectric elements excited by the pressure pulse of an
internal combustion engine (US patent 4,511,818 hereby incorporated by reference), a
strip of piezoelectric plastic implanted into the human body to energize implanted

electronics with body movement (US patent 5,431,694 hereby incorporated by reference),

~ bender elements that are plucked by cams which move in response to ocean waves (US

patent 5,814,921 hereby incorporated by reference), rotary motion of an eccentric shaft
that applies oscillating stresses onto piezoelectric elements in contact with the eccentric
(US patent 6,194,815 hereby incorporated by reference), or which are inertially stressed
by the eccentric motion (US patent 6,429,576 hereby incorporated by reference). Some
of these applications appear to be impractical.

The use of piezoelectric alternators in place of electrodynamic alternators in a
thermoacoustic application has been suggested for use with the standing wave engines
(W. C. Ward et al., “Thermoacoustic engine scaling, acoustic and safety study,” Los
Alamos National Laboratory unclassified report LA-12103-MS, 1991). Their alternator
configuration is interesting and clever. However, like many traditional acoustic
transducers, it presents to the resonator a very high impedance, and it has a very limited
available stroke, factors which are associated with the high mechanical stiffness and
limited mechanical strain of a raw piece of piezoelectric ceramic. The high impedance
and low stroke of their transducer forces it to be placed near the pressure anti-node of the

sound field where the acoustic velocity is small. Since during a cycle of sound energy
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oscillates between potential and kinetic forms and the transducer is incapable of holding
much of the kinetic energy due to its limited stroke, the resonator needs to be about as
long as a half wavelength of sound so that a large volume of fast moving gas near the
velocity anti-node may accept the kinetic energy. This Los Alamos configuration of a
piezoelectric alternator cannot take the space saving advantage of using the alternator as a
resonating mass that may substitute for much of the gaseous mass of the acoustic
resonator.

An earlier patent (US patent 3,822,388 hereby incorporated by reference) showing
a simple stack of piezoelectric ceramic coupled with hydraulic fluid and a column of
mercury to the bressure oscillations generated by an otherwise conventional Stirling
engine, also presents the engine with a transducer that is very stiff. With its high
impedance and large mass of coupling fluids, it is unsuitable for use with thermoacoustic
engines.

In addition to being used as prime movers, thermoacoustic and Stirling heat
engines may be used in the opposite sense, accepting work in the form of the coupled
pressure and volume changes of sound in order to pull heat from a thermal load at low
temperature and reject heat at a higher temperature, useful for constructing refrigerators
or heat pumps. Transducers used as acoustic drivers to convert electrical power into the
acoustic power needed to run the refrigerators or heat pumps would potentially have the
same space saving advantages as their alternator counterparts if they were made to
present a mass impedance. Additionally, by combining a prime mover with a
refrigerator, it is possible to make heat driven refrigerators, for example for use in remote
or mobile applications where connection to the electrical power grid is not feasible or
desirable. It is often necessary, however, to make electricity available for the running of
fans and pumps for the distribution of the cooling effect or for auxiliary uses. It is
therefore desirable to have an efficient means of generating electricity in heat driven
refrigerators, chillers and heat pumps. It is also desirable to have compact transducers
(alternators or drivers) that can operate at high frequency that present a mass rather than a

stiffness impedance, which may be used to establish resonance with oscillatory heat
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engines presenting a primarily stiffness impedance. These needs are addressed by the

present invention.

SUMMARY OF THE INVENTION

The present invention is a thermoacoustic-piezoelectric electrical power generator
that uses the heat driven pressure and volume oscillations of thermoacoustic prime
movers to power piezoelectric alternators. Refrigeration stages may be added to the
generator as well. A first embodiment of the present invention is a thermoacoustic
generator, including a housing containing a working volume of gas with a pressure. A
thermoacoustic core is supported in the housing and includes a first heat exchanger and a
second heat exchanger. The thermoacoustic core is operable to introduce acoustical
power into the housing, thereby oscillating the pressure of the gas at a frequency. A
piezoelectric alternator is supported in the housing and has a face that is movable when
acted on by acoustical power. The alternator further includes a portion of piezoelectric
material operable to produce electrical power when acted on by a stress. The portion of
piezoelectric material is in mechanical communication with the movable face, such that
the movement of the face stresses the portion of piezoelectric material so as to produce
electrical power. The alternator has a moving mass that serves as a substantial portion of
the resonating mass inside the housing. This provides a pressure oscillation frequency in
the housing that is substantially lower than for a similar system with a rigid member
replacing the alternator. In a preferred version of the first embodiment, the movable face
of the alternator substantially blocks the passage of gas.

In some versions of the first embodiment, the movable face is a first diaphragm.
The housing has a sidewall, and the diaphragm may have a perimeter seal substantially
sealing the diaphragm to the sidewall of the housing. The perimeter seal may be selected
from the group consisting of a roll sock, a bellows, and a clearance seal. The generator
may also include a second diaphragm forming a second face of the alternator. The
portion of piezoelectric material is also in mechanical communication with the second

diaphragm, and is disposed between the first and second diaphragms.
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In some versions of the first embodiment, the piezoelectric alternator portion
includes a perimeter member that includes the portion of piezoelectric material. The
perimeter member is configured such that compression of the perimeter member causes
compression of the portion of piezoelectric material. The perimeter member surrounds a
central area. A hub is disposed in the central area and is movable relative to the
perimeter member along the axis. The hub is in mechanical communication with the
movable face of the alternator. A plurality of spokes interconnect the hub and the
perimeter member such that relative movement of the hub along the axis compresses the
perimeter member and thereby compresses the piezoelectric material. This version of the
first embodiment may have a housing with a sidewall and a first diaphragm serving as the
alternator face. A perimeter seal seals the first diaphragm to the sidewall of the housing,
and may be selected from the group consisting of a roll sock, a bellows, and a clearance
seal. It may further include a second diaphragm in mechanical communication with the
hub, with the second diaphragm also including perimeter seals sealing the diaphragm to
the sidewall of the housing. The perimeter member, the hub and spokes are disposed
between the first and second diaphragms.

In another version of the first embodiment, the perimeter member is generally
ring-shaped. In this version, the piezoelectric material portion of the ring-shaped
perimeter member may comprise substantially all of the ring-shaped perimeter member.

In yet another version, the perimeter member is generally polygonal-shaped with
intersection zones defined between adjacent generally straight segments. The portion of
piezoelectric material comprises a portion of each of the straight segments. The spokes
may be interconnected with intersection zones of the polygonal-shaped member. Also,
the generally straight segments of the perimeter member may each further include a
spring in series with the portion of piezoelectric material.

A different version of a piezoelectric alternator for the first embodiment includes
a perimeter support member generally defining an alternator plane, with the support
member surrounding a central area. A hub is disposed in the central area, with the hub

being movable relative to the perimeter support member along an axis generally
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perpendicular to the plane. The hub is in mechanical communication with a movable
alternator face. The portion of piezoelectric material comprises a plurality of
piezoelectric bimorph members each having an inner end in mechanical communication
with the hub and an outer end supported by the perimeter support member, such that
relative movement of the hub along the axis flexes the bimorph members. The bimorph
members may be generally wedge-shaped such that their width parallel to the alternator
plane is narrower at the inner ends than at the outer ends. The perimeter support member
may be generally circular. The housing has a side wall and the alternator face may be a
first diaphragm with a perimeter seal sealing the first diaphragm of the side wall of the
housing, the perimeter seal being selected from the group consisting of a roll sock, a
bellows, and a clearance seal. The generator may further include a second diaphragm in
mechanical communication with the hub. The second diaphragm may include a
perimeter seal sealing the diaphragm at the sidewall of the housing, with the perimeter
support member, the hub, and the bimorph members being disposed between the first and
second diaphragms.

In yet another version of the first embodiment, the piezoelectric alternator may
further include at least one spring in series with a portion of piezoelectric material, so as
to alter the stiffness of the piezoelectric alternator.

Another version of a piezoelectric alternator for the first embodiment includes a
perimeter wall having a plurality of wall segments interconnected by springs. The
portion of piezoelectric material comprises at least a portion of one of the wall segments.
The wall segments have a surface that serves as the movable face of the alternator. The
alternator may further comprise an .alternator body enclosing a portion of the working
volume of gas with the perimeter wall forming part of the alternator body. Alternatively,
the perimeter wall may substantially separate the housing into first and second coaxial
regions, with the thermoacoustic cores supported in one of the regions. A second
thermoacoustic core may be supported in the other region with the thermoacoustic cores

being coaxially arranged. According to a further alternative, the piezoelectric material
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may comprise substantially the entirety of all of the wall segments of the piezoelectric
alternator.

A second embodiment of the present invention is directed to a piezoelectric
transducer for converting between acoustical power, consisting of pressure and velocity
and electrical power consisting of potential current. The transducer includes the
perimeter member with at least one portion of piezoelectric material. The perimeter
member is configured such compression of the perimeter member causes compression of
the portion of piezoelectric material. The perimeter member surrounds a central area.
The hub is disposed in the central area, with the hub being movable relative to the
perimeter member along an axis. A plurality of spokes interconnect the hub and the
perimeter member such that relative movement of the hub along the axis compresses the
perimeter member and thereby compresses the piezoelectric material.

In some versions of the second embodiment, the transducer serves as a driver that
converts electrical power to acoustical power. The transducer may further include a first
diaphragm in mechanical communication with the hub such that the movement of hub
moves at least a portion of the diaphragm. Electric power is applied to the piezoelectric
material causing movement of at least a portion of the perimeter member, which causes
movement of the spokes, which causes movement of the hub, which causes movement of
at least a portion of the diaphragm, thereby creating acoustical power. Some versions
further include a second diaphragm in mechanical communication with the hub, such that
movement of the hub moves at least a portion of the second diaphragm, and the hub and
spokes are disposed between the first and second diaphragm.

In another version of the second embodiment, the transducer is an alternator that
converts acoustical power to electrical power. The transducer further includes a first
diaphragm in mechanical communication with the hub, such that movement of the hub
moves at least a portion of the diaphragm. When acoustical power is applied to the first
diaphragm, it causes movement of the face and hub, thereby compressing the
piezoelectric material. The transducer may further include a second diaphragm in

mechanical communication with the hub, such that movement of the hub moves at least a
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portion of the second diaphragm, and the hubs and spokes are disposed between the first
and second diaphragms.

In some versions of the second embodiment, the perimeter member is generally
ring-shaped. The piezoelectric material portion of the ring-shaped perimeter member
may comprise substantially the entire ring-shaped perimeter member. In other versions
of the second embodiment, the perimeter member is generally polygonal-shaped with
intersection zones defined between adjacent generally straight segments.  The
piezoelectric material portion of the perimeter member comprises a portion of each of the
straight segments. The spokes may be interconnected with intersection zones of the
polygonal-shaped perimeter member. Also, the straight segments of the perimeter
member may each further include a spring in series with a portion piezoelectric material.

According to a third embodiment of the present invention, a piezoelectric
transducer is provided for converting between acoustical power, consisting of pressure
and velocity, and electrical power, consisting of potential and current. The transducer
includes a perimeter support member generally defining a transducer plane. The member
surrounds a central area. The hub is disposed in the central area, with the hub being
movable relative to the perimeter support member along an axis generally perpendicular
to the plane. A plurality of piezoelectric bimorph members each have an inner end in
mechanical communication with the hub and an outer end supported by the perimeter
support member, such that relative movement of the hub along the axis flexes the
bimorph members. In the third embodiment, the transducer may be an alternator
operable to convert acoustical power to electrical power. It may include a first
diaphragm in mechanical communication with the hub, such that movement of the face
causes movement of the hub along the axis. The bimorph members may be generally
wedge-shaped such that the width of the members parallel to the transducer plane is
narrower at the inner ends than at the outer ends.

According to a forth embodiment of the present invention, a piezoelectric
transducer is provided for converting between acoustical power, consisting of pressure

and velocity, and electrical power, consisting of potential and current. The transducer
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includes a transducer assembly with at least one piezoelectric element configured to
produce electrical power when acted upon by a mechanical force. The transducer also
includes at least one spring in series with the piezoelectric element so as to alter the
resonant frequency of the transducer assembly.

According to a fifth embodiment of the present invention, a thermoacoustic
device includes a housing containing a working volume of gas with a pressure. A
piezoelectric transducer separates the housing into a first area containing a first volume of
gas and a second area containing a second volume of gas. The transducer comprises a
perimeter wall having at least one portion of piezoelectric material and at least one spring
in series. A first thermoacoustic core is supported in the first area of the housing and
includes a pair of heat exchangers. A second thermoacoustic core is supported in the

second area of the housing and includes a pair of heat exchangers.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a partially cutaway side view of a balanced configuration for a
thermoacoustic-Stirling piezoelectric generator according to a first embodiment of the
present invention. The generator is sized to deliver 4 kW of electricity derived from the
waste heat of diesel truck exhaust.

Figure 2A shows a cross-sectional view of a quadratically driven piezoelectric
ring transducer/alternator that forms one aspect of the present invention, taken along lines
A-A of Figure 2B. Axial motion of the hub flexes the spokes which compresses the
piezoelectric ring.

Figure 2B shows a cross-sectional view of the ring transducer/alternator of Figure
2A, taken along lines B-B of Figure 2A.

Figure 3 shows operation of the piezoelectric ring transducer/alternator through
one cycle of sound. There are two compressions of the piezoelectric ring, at 90° and
270°, for each acoustic cycle.

| Figure 4A shows a partially cutaway perspective view of a 2.0 kW

thermoacoustic Stirling piezoelectric generator core.
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Figure 4B shows a partially cutaway side view of the generator of Figure 4A.

Figure 5 shows a cross-sectional view of an alternative embodiment of a
quadratically driven piezoelectric ring transducer/alternator including azimuthal springs
for lowering the ring resonant frequency.

Figure 6A shows a slice of the ring alternator of Figure 2A for application of
Newton’s second law.

Figure 6B shows a slice of the ring alternator of Figure 5 for application of
Newton’s second law.

Figure 7A shows an equivalent circuit for the ring alternator of Figure 5. .

Figure 7B shows a reduced equivalent circuit for the ring alternator of Figure 5
when reactive elements may be ignored.

Figure 8 shows a graph plotting ring alternator efficiency vs. Ri/Ry max rFiciENCY-

Figure 9 shows a cross-sectional view of an alternator design with roll socks as a
means for providing flexible seals.

Figure 10 shows a cross-sectional view of an alternator design with bellows as a
means for providing flexible seals.

Figure 11 shows a cross-sectional view of an alternator design with clearance
seals as a means for providing a flexible seals.

Figure 12 shows an alternative embodiment of a piezoelectric ring
transducer/alternator, wherein the piezoelectric ceramic is in the form of a striped
cylinder.

Figure 13 shows an alternative version of the ring transducer of Figure 12, having
wire spokes with coils, attached to a keystone-like support, with a polygonal pieioclectric
ceramic ring made up of straight stacks of ceramic elements.

Figuré 14 shows a detail of an alternate means for attaching spokes to a striped
ring piezoelectric ceramic.

Figure 15 shows a detail of another alternate means for attaching spokes to a

striped ring piezoelectric ceramic.
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Figure 16 shows a cross-sectional view of one of the azimuthal springs used in the
alternator of Figure 5.

Figure 17 shows a detail of a straight spoke end in plan view.

Figure 18 shows a detail of a tapered spoke end in plan view.

Figure 19 is an exploded view of an alternative embodiment of a piezoelectric
ring alternator, wherein the alternator is based on a resonant ring without spokes.

Figure 20 shows a cross-sectional view of another alternative embodiment of a
piezoelectric generator according to the present invention.

Figure 21 shows a cross-sectional view of yet another alternative embodiment of a
piezoelectric generator according to the present invention.

Figure 22 shows a cross-sectional view of an alternative version of the generator
of Figure 21.

Figure 23 shows a partially cutaway side view of a thermoacoustic/piezoelectric

generator that also functions as a chiller.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to a heat driven thermoacoustic-piezoelectric
generator that uses high efficiency, compact, reliable thermoacoustic-Stirling engines
coupled to a linearly oscillating alternator based on piezoelectric rather than
electrodynamic technology. The alternator moving mass replaces the acoustic or
resonating mass of the traditional thermoacoustic resonator. An optional chiller or heat
pump stage may be added to the generator. The piezoelectric alternators presented here
may be used with other oscillatory engines as well. The piezoelectric alternators may
also be used in the reverse sense as driving transducers for the creation of acoustic energy
from electricity.

Electric power generation using thermoacoustic-Stirling engines coupled to
piezoelectric alternators should allow significant advantages in size, weight, radiated
noise, maintenance, and efficiency when compared to other technologies. In addition,

this technology is well suited to accept heat from a variety of sources, such as waste heat,
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a dedicated burner, the sun, or nuclear sources. A first preferred embodiment for such a
generator is shown at 10 in the configuration of Fig. 1. Two piezoelectric alternators 12
and 14, which act as resonating masses, separate a pressure vessel 16 into upper 18,
central 20 and lower 22 chambers, which act as energy generating gas springs. The
pressure vessel 16 is filled with a working gas, for example helium gas at 10 atmospheres
of mean pressure (other pressures could easily be used). Each alternator 12 and 14 has
two faces that move together along the axis of the pressure vessel. Pressure swings in the
chambers are coupled to the volume swept out by the alternator face motion. The faces
are sealed to the pressure vessel 16 by a means for allowing motion, such as constructing
the faces in the form of a corrugated diaphragm, although a light weight piston sealed to
the vessel with a bellows or roll-sock, or a clearance seal may also be used (see Figures
9-11). A small controlled leak (not shown) allows the working gas of the engines to
equilibrate with the space inside the alternators over a long time scale.

Four thermoacoustic-Stirling engines 24, 26, 28 and 30 in the chambers create
pressure swings in the gas, for example with 1 atmosphere amplitude. The oscillations
are driven thermally by external heat applied to the engines through hot heat exchangers
and rejected heat taken away by cold heat exchangers, as described in the next paragraph.
The engines are a very compact coaxial adaptation of the highly efficient thermoacoustic-
Stirling engines recently pioneered by the thermoacoustics group at Los Alamos National
Laboratory (see US patent 6,032,464 hereby incorporated by reference). The pressure
swings drive the two piezoelectric alternators 180° out of phase—the alternators move in
unison toward or away from each other—in a vibrationally balanced configuration. The
overall topology is similar to a full wavelength acoustic wave, except that the effective
wavelength is considerably shortened by substituting the moving mass of the alternators
for the acoustic or resonating mass of the sound wave at the velocity anti-nodes (see US
patent 6,578,364, 6,314,740 and WO 99/20,957 and WO 02/086,445 incorporated herein
by reference).

The thermoacoustic engines 24-30 are preferably substantially identical.

Therefore, only the first engine 24 will be described in more detail. It should be noted
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that Figure 1 is a cutaway side view of the generator 10 and that the pressure vessel 16,
the engines 24-30, and the generators 12 and 14 are preferably generally radially
symmetrical with each item being generally disc-shaped or generally cylindrical. The
engine 24 includes a generally tubular nacelle 32 that extends coaxially with the wall of
the pressure vessel 16 and is spaced from the wall 16 so as to provide an annular space 34
between the nacelle 32 and the wall 16. A thermoacoustic core 36 is contained inside the
nacelle 32. The core 36 includes a cold heat exchanger 38 and a hot heat exchanger 40
sandwiching a regenerator 42.

The thermoacoustic engine generates sound in the following manner. The annular
space between the resonator wall 16 and the nacelle 32 acts as a lumped acoustic mass.
The space 44 between the cold heat exchanger and the end of the resonator acts as a gas
spring. This mass-spring sub-system is tuned to have a resonant frequency well above
the operating frequency of, for example, 400 Hz, causing the pressure oscillations at the
closed end of the resonator to be slightly resonantly enhanced with respect to its driving
point near the diaphragm of the alternator 12, with negligible phase shift. Thus the
acoustic pressure is nearly in phase on both sides of the regenerator 42 but the amplitude
is slightly higher on the cold side than on the hot side. When the diaphragm of the
alternator 12 moves towards the regenerator 42 and the pressures on the hot and cold
sides swing positive, this slight pressure difference across the regenerator drives the gas
in the regenerator to move from colder to hotter locations. The gas in the regenerator,
being in intimate thermal contact with the regenerator screen, expands as it moves
towards hotter locations. The gas expansion during the positive pressure phase does
work on the rest of the gas, which causes the positive pressure to swing even higher than
it would have otherwise been, and pushes back on the diaphragm giving it energy.
During the other half of the acoustic cycle, when the diaphragm moves away from the
regenerator 42, the pressures on the hot and cold sides swing negative (lower pressure),
with a slightly larger swing on the cold side. This causes a pressure gradient which

drives the gas in the regenerator to move toward the cold side, where it cools and
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contracts, thereby causing the pressure to swing even further negative, which pulls the
diaphragm back, again adding energy to the diaphragm.

Between the hot and cold heat exchangers 40 and 38 is the regenerator 42 which
may be a stack of fine metal screen. Thermoacoustic-Stirling engines are similar to
conventional mechanical and free-piston Stirling engines in that the working gas situated
within the regenerator undergoes an approximation to the ideal Stirling thermodynamic
cycle. However, the thermoacoustic version of the Stirling engine eliminates the sliding
mechanical displacer and power pistons of conventional or free-piston engines by using
acoustic networks, which is expected to improve engine reliability and cost. In the
generator of Fig. 1, gas in the annular space 34 between the nacelle 32 surrounding the
engine core 36 and the pressure vessel wall 16 acts somewhat like the displacer piston
while the alternator acts as the power piston of the conventional or free-piston Stirling
engine.

The first Los Alamos engine operated between a hot temperature Ty of 725 °C
and cold temperature T¢ of 15 °C, while producing 710 W of sound and achieving a 30%
thermal to acoustic efficiency. This efficiency is 42% of the ideal Camot efficiency 1 -
To/Ty, which is 71% at these temperatures. The higher the operating frequency, the
smaller this type of engine can be made with little consequence to the output power. The
first Los Alamos engine was large, however, operating at around 80 Hz for convenience
of construction. Their engine was designed using their program DeltaE, which embodies
the good but still imperfect physics knowledge base for thermoacoustics. DeltaE is
usually accurate to within 20% when care is taken to included all known high amplitude
nonlinear effects, and is publicly available.

The thermoacoustic-Stirling engines used in the present invention are a more
compact coaxial geometry than used by Los Alamos. These engines have been modeled
with the Los Alamos DeltaE software. The DeltaE model predicts that each engine
should achieve 1.4 kW of acoustic power at 400 Hz, with 33% thermal to acoustic
conversion efficiency, running between 650 °C and 30 °C heat exchanger metal
temperatures, for an efficiency relative to Carnot of 49%.
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Referring again to Figure 1, two thermoacoustic-Stirling engines are situated on
either side of an alternator. They may generate 10% amplitude (15 PSI), 400 Hz pressure
oscillations in the helium. The oscillations are 180° out of phase on either side of the
alternator, driving the alternator faces along the generator axis. The resonance of the
combined system can be understood in terms of the central mass of the alternator
oscillating between the gas springs of each engine; each alternator and pair of engines is
nominally a spring-mass-spring system.

The heart of each engine consists of a hot heat exchanger, a regenerator, and a
cold heat exchanger. The regenerator may simply be a stack of fine wire screen. Hot
combustion products from a burner (not shown) or other heat source circulate into,
through, and out of the hot heat exchanger via tubular penetrations of the pressure vessel.
In the embodiment of Figure 1, hot combustion products travel through a main exhaust
pipe 46. Hot inlet tubes 48 allow hot combustion products to flow from the main exhaust
pipe 46 to each of the hot heat exchangers, such as 40. Hot outlet tubes 50 allow the hot
combustion products to flow from the hot heat exchangers to a secondary exhaust pipe
52. As will be clear to those of ski]i in the art, the heat may be provided to the hot heat
exchangers in a variety of ways, including provision of hot gas from any source, or hot
liquid. In one embodiment of the present invention, hot combustion products flow
through the main hot heat exchanger 40, causing the metal temperature of the hot heat
exchanger to reach 1200 F (650 C). Inlet coolant line 54 provides cold heat transfer fluid
to cold inlet tubes 56, which communicate with the cold heat exchanger, such as 36.
Cold outlet tubes 58 allow the cold heat transfer fluid to flow from the cold heat
exchangers to an outlet cooling line 60. Again, cold gas or fluid may be provided to the
cold heat exchangers in a variety of ways and from a variety of sources. Also, as will be
clear to those of skill in the art, the terms hot and cold, as used herein, are relative terms.
In one embodiment of the present invention, heat transfer fluid circulating through the
cold heat exchanger via its pressuré vessel penetrations keep the cold exchanger near
ambient temperature, 90 F (32 C). The heat exchanger pressure vessel penetrations and

the arrangement of the engine components suspended within the pressure vessel are
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chosen to minimize the adverse thermal expansion stresses associated with the hot heat
exchanger temperature.

Surrounding the regenerator 42 and heat exchangers 38 and 40 is the nacelle 32
that splits the gas into a central, axial part and an outer annular part. A filler ring may
also be used to help guide the gas flow. The gas in the annular passage 34 outside the
nacelle 32 acts somewhat like the displacer piston of a conventional mechanical Stirling
engine, while the diaphragm takes the role of the power piston. As shown, the nacelle 32
may be offset somewhat such that the cold heat exchanger 36 is close to one end of the
nacelle, while the other end of the nacelle extends past the hot heat exchanger 40 to an
open end 62. The gas along the central axis within the nacelle 32, between its open end
62 and the hot heat exchanger 40, acts as a thermal buffer tube. This is a layer of gas that
provides thermal isolation between the hot heat exchanger, the rest of the gas in the
engine and the alternator face. The nacelle 32 is preferably constructed from thin
material, is hollow and is filled with thermal insulation to minimize the heat leak through
the nacelle between the hot heat exchanger and the gas in the annular space outside the
nacelle. Additionally, the inside surface of the nacelle preferably is constructed of a thin,
low thermal conductivity material, such as rolled stainless steel shim stock, in order to
minimize the heat leak a]bng the nacelle between the hot heat exchanger and the cold
heat exchanger. The outer surface of the nacelle 32 may be constructed of a thin higher
thermal conductivity material, such as aluminum, brass, copper or steel, and thermally
anchored to the cold heat exchanger, so as to control the temperature of the gas in the
annular passage outside the nacelle. An expansion joint, sliding joint, or flexible seal
may be provided near the open end of the nacelle to allow for thermal expansion of its
inner surface relative to its outer surface in response to hot heat exchanger temperatures.

This relatively simple engine structure causes the quiescent state of the helium gas
to become unstable, as described above, without requiring sliding parts or pistons. When
the hot heat exchanger is brought to a sufficiently high temperature, the gas
spontaneously undergoes pressure oscillations that drive the alternator, as previously

described. The specific design of the alternator used in the power generation system of
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the invention can vary widely. Importantly, the alternator must have the capability of
translating the pressure oscillations generated by the acoustic engine(s) into stress upon a
piezoelectric element(s) thus generating power. Three example alternator designs will

now be discussed.

Example 1: Ring Alternator.

A first preferred embodiment of the alternator is the quadratically driven
piezoelectric ring transducer or alternator 64 of Figures 2A and 2B. The transducer
consists of a ring 66 of piezoelectric material 68, such as the poled ceramic lead-
zirconate-titanate PZT, attached to sets of flexible radial spokes 70 via keystone-like
supports 71. Other piezoelectric materials may be used, as will be clear to those of skill
in the art. The ring 66 can be circular or polygonal; a hexagon with six sets of spokes is
shown in the figure. Other shapes are also possible. The ring 66 may also be referred to
as a perimeter member that includes a portion of piezoelectric material. The member is
configured such that compression of the perimeter member causes compression of the
piezoelectric portion. In the illustrated embodiment, the piezoelectric material forms
substantially all of the straight segments extending between the supports 71, located at
the intersection zones between adjacent segments.

For best performance the PZT preferably is organized as a stack of plates excited
in their 3-3 mode as shown. Alternatively, the PZT sections may be plates extending
from support 71 to support 71, excited in the 3-1 mode with electrodes on their transverse
faces, for less cost. The spokes connect to a central hub 72, which moves along its axis.
In this embodiment, the ring or perimeter member 66 may be said to generally define an
alternator or transducer plane, and the hub moves along an axis generally perpendicular
to the hub. The spokes 70 lie in or are generally parallel to the plane.

The hub connects to the moving faces of the alternator, here shown as corrugated
diaphragms 74. The diaphragms may take a variety of forms. The illustrated diaphragms
74 are generally flat, but it may be preferable to make them cone shaped for stiffness.

The faces are acted on by acoustical power, thereby moving the faces. Mounting springs

21



10

15

20

25

PST-11302/36
42403jal

76 are shaped leaf springs that are stiff in the axial direction but compliant in the radial
direction. They hold the internal components axially while allowing compression in the
piezoelectric material.

Figure 3 shows the operation of the alternator through one acoustic cycle, in a
sequence from 0° to 360°. As acoustic pressure swings cause the alternator faces or
diaphragms 74 and hub 72 to deflect in either direction along the axis (at 90° or 270°), the
spokes 70 bend, come under tension, and pull the ring 66 inward causing the ring to
experience compression. Thus, there are two cycles of ring compression for every cycle
of sound. This frequency doubling allows the use of half as much PZT for the same
output power.

Because it is a stiff ceramic, PZT requires mechanical power with relatively high
forces and small motions, whereas the engine naturally delivers mechanical power with
relatively low forces and large motion. Two force amplifying mechanisms are being used
here to overcome this mechanical impedance mismatch. One is the conversion of axial
force on the hub 72 into radial tension in the spokes 70, the second is the conversion of
tension in the spokes 70 into compression of the ring 66.

Preferably, the elements of the piezoelectric material are polarized along the
direction of the stack, but with every other element pointing in the opposite direction.
Electrodes of adjacent elements touch, and every other electrode junction is wired
together. In this way, the piezoelectric elements are mechanically in series but are all
electrically in parallel. The electrical output of the elements is then rectified and fed to a
power inverter/controller, as needed, to regulate the output voltage and frequency of the
electrical power. The inverter/controller may also be responsible for regulating the fuel
flow to a burner, if this is the desired source of heat, to match the power needs of the
generator as the electrical load changes. Further details pertaining to the construction of

this example of the alternator are disclosed in Example 4, below.
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Example 2: Bimorph Alternator.

A second embodiment of a piezoelectric alternator 78 that presents a mass
impedance to the thermoacoustic engines, thus reducing the necessary size of the
pressure-vessel/acoustic-resonator, is shown in the two cutaway views of Figures 4A and
4B, drawn generally to scale. For definiteness, the figures show the core of a 2.0 kW
thermoacoustic-Stirling piezoelectric generator. In one version, the steel pressure-
vessel/acoustic-resonator 80 is 36 cm (14") long, 15 cm (6") in diameter at the ends, and
bulges to 23 cm (9") diameter at the center. The resonator is filled with 10 atmosphere
(150 psi) of helium gas. The walls of the resonator are 0.65 mm thick in the small
diameter regions and 1.0 mm thick near the center to perform safely as a pressure vessel.
Other dimensions, working fluids and pressures, of course, are possible.

Two flexible diaphragms 82 and 84 are located in the center of the resonator. In
this embodiment, the diaphragms form the movable faces of the alternator. The centers
of the diaphragms are constrained by a post 86 to move together in the direction of the
resonator axis. The outer rims of the diaphragms form a seal against the resonator wall
80. In this version, seventy-five piezoelectric disks 88 are flexed by the diaphragms
through a mechanical connection at the post. These diaphragms and piezoelectric disks
comprise the electrical transducer, or alternator, portion of the generator. Each of the 75
disks is made of twelve triangular piezoelectric bimorph cantilever wedges 90. Only one
such disk of wedges is shown in the figures. The triangular wedges 90 have a clamped
boundary condition at their outer diameter, and a simply supported boundary condition at
the post, produced by a small flexible strut at the vertex of each wedge. These boundary
conditions cause a uniform bending stress throughout the bimorph, maximizing the
effective use of the piezoelectric material. This arrangement also minimizes the moving
mass, thereby allowing a high operating frequency, which reduces the overall size of the
resonator. The bimorphs in this embodiment are a 0.65 mm thick sandwich of two thin
PZT sheets glued on either face of a thin metal sheet. The force amplification necessary
for impedance matching the alternator 78 to the engines is accomplished by the relatively

small forces applied to the bimorph vertex causing relatively large bending stresses in the
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PZT. The bimorphs are made thin enough that the maximum allowable stress in the PZT
ceramic is not exceeded when the engines drive the alternator faces to their maximum
amplitude while the generator is operating at full power. Enough piezoelectric disks are
used so that a sufficient volume of PZT material is present to convert the desired amount
of power from mechanical into e]éctrical forms. As will be clear to those of skill in the
art, an alternator may be constructed with a different number of discs and/or discs with a
different number of wedges. Also, the alternator designs disclosed throughout this
application may be substituted into any of the generators disclosed herein, or may be
combined in various ways.

As the bimorphs bend, they generate an electric potential across their faces. The
disks are electrically wired in parallel to build up the total current. An inverter/controller
(not shown) converts this power to the frequency and voltage needed by the electrical
load. The inverter/controller may also be responsible for regulating the fuel flow to a
burner, if this is the desired source of heat, to match the power needs of the generator as
the electrical load changes.

As will be clear to those of skill in the art, this embodiment of the generator 79
includes a pair of thermoacoustic engines 92 and 94 arranged on opposites sides of the
alternator 78. As the engines 92 and 94 are preferably identical, only 92 will be
described in more detail. It includes a nacelle 96 that is coaxial with the pressure vessel
80 and defines an annular space between the outer surface of the nacelle and the inner
surface of the wall of the pressure vessel 80. A cold heat exchanger 98 and a hot heat
exchanger 100 sandwich a regenerator 102 inside the nacelle 96. As shown, a thermal
buffer tube region is formed between the open end of the nacelle 96 and the hot heat
exchanger 100 to prevent heat flow from the hot heat exchanger 100 to the gas in the
annular space surrounding the nacelle 96. Also as shown, the nacelle 96 may have an
improved shape to improve the flow characteristics around the nacelle.

The externally radiated noise from the raw core shown in Figures 4A and 4B
would be an unacceptably high 105 dBA at full output power, due to the unbalanced

design of the generator. The resonator body would vibrate along its axis with a 0.68 mm
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amplitude in response to the motion of the piezoelectric disks. However, the sound level
could be brought down to about 70 dBA by placing a pair of generators end-to-end in a
single pressure vessel, operating out of phase with each other. This configuration would
be similar to the one illustrated in Figure 1. In the balanced configuration, the radiated
noise would have roughly equal contributions from residual vibration and from the
straining of the resonator wall due to the internal pressure swings. However, depending
on application, the main pressure vessel should additionally be surrounded with a second
thin walled vessel, which would further isolate the radiated noise and protect the inner
vessel from damage. For example, for a 2 kW generator in the balanced configuration of
Figure 1 (four 500 W engines with two 1 kW alternators), a 0.7 kg outer vessel made of
0.32 mm (0.013") thick steel could surround the inner vessel with a 1 cm gap. The
estimated externally radiated noise then comes down to a nearly inaudible 34 dBA.

Not shown in Figures 4A and 4B is an optional flow straightener or guiding vanes
at the open end of the nacelle 96. As gas makes the sharp turn between annular and axial
regions of the nacelle, net mean circulations of the flow may occur due to flow separation
at the lip of the nacelle. Thesé steady currents may reduce the ability of the thermal
buffer tube to function as a thermal isolation layer. A screen or other perforated structure
across the open end of the nacelle, and/or a vanes to help guide the flow as it makes the
turn, can serve to minimize this detrimental flow. These structures may also be chilled
with the same heat transfer fluid that runs through the cold heat exchanger, to function as
secondary heat exchanger (see G. W. Swift et al., “Acoustic Recovery of Lost Power in
Pulse Tube Refrigerators,” J. Acoust. Soc. Am., 105 (2), Pt. 1, 711-724, 1999, the entire
contents of which is incorporated herein by reference.), to further define the temperature
profiles in the working gas.

Also not shown in Fig. 4 is a means for stopping so-called Gedeon streaming (see
D. Gedeon, “DC Gas Flows in Stirling and Pulse-Tube Cryocoolers,” in Cryocoolers 9,
edited by R. G. Ross, Plenum, New York, 385-392, 1999, the entire contents of which is
incorporated herein by reference), a net mean flow of mass due to the presence of sound,

from the cold heat exchanger, through the regenerator, to the hot heat exchanger, and
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returning to the cold heat exchanger through the annular space around the nacelle. This
streaming flow is a parasitic load on the heat exchangers, robbing the engine of its
efficiency. As taught by the Los Alamos group, the streaming can be stopped with an
additional flexible diaphragm (or light piston supported by a flexible bellows) that allows
the passage of oscillating gas motions but not steady gas motions, or with a so-called jet
pump. Such a diaphragm may be placed near, but at a slight distance away from, the cold
heat exchanger where the oscillatory motion of the diaphragm would be small, across the
thermal buffer tube where it could also act to straighten the flow in that region, or in the
annular space between the nacelle and the pressure vessel.

As part of the design of a transducer to be used as an efficient alternator, it is
important to not allow the reactive mechanical impedance of the transducer to be very
much larger than the useful non-dissipative resistive component of the mechanical
impedance that is used for generating electricity. (Mechanical impedance is the complex
ratio of the force to the velocity; reactance is the imaginary part and resistance is the real
part.) Such excess reactance, if it cannot be balanced by a canceling reactance of the
opposite sign, takes away from the force available to generate electricity. Depending on
its size and shape, the lowest natural resonance frequency of a PZT structure can be quite
high, above several kilohertz—potentially much higher than the operating frequency of
the engines. Below its resonance, the PZT is being used in a frequency region where its
stiffness controls its overall impedance. The higher the operating frequency can be raised
toward the resonance frequency, the lower the stiffness reactance 1/jwCy becomes, where
J is the square root of -1, w is the angular frequency, and Cy is the mechanical
compliance of the PZT structure. By way of contrast, electrodynamic transducers
generally have a relatively low resonance frequency, in the few’tens of hertz. An
electrodynamic transducer is typically used above its resonance frequency where it is
mass controlled. The higher the operating frequency the larger and more troublesome the
mass impedance jaM gets, where M is the moving mass. Therefore, piezoelectric
transducers are favored at high frequencies and electrodynamic transducers are favored at

low. For this reason high frequency sonar and ultrasonic transducers tend to be
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piezoelectric, while low frequency sonar and audio transducers tend to be
electrodynamic. For thermoacoustic applications, the crossover between the two types of
transducers appears to be near 300 Hz.

An important advantage in generating electricity piezoelectrically is that the
mechanical impedance of the piezoelectric material, because it is controlled by its
stiffness rather than its mass, allows the operating frequency of the generator to be
increased resulting in an alternator that is smaller in size and lighter in weight than a
corresponding electrodynamic system operating at a lower frequency. The available
output power from a mass of PZT goes up proportionally with the operating frequency
(because the maximum energy that can be extracted per cycle is independent of
frequency and there are more cycles per second at higher frequencies). In both alternator
embodiments, the part of the alternator that performs the energy conversion function and
is the most massive, the PZT ceramic, is configured to have little motion. The moving
mass is minimized by bringing mechanical power to the PZT through a relatively light
coupling, such as the spokes of the first embodiment or the vertices of the bimorph
wedges of the second embodiment, while allowing most of the PZT to stay relatively
motionless. Providing for enough axial motion of the hub, which would be a difficult
challenge at low frequencies using piezoelectric techniques, is easier at high operating
frequencies where the acoustic displacements are smaller. With an electrodynamic
transducer the moving coil or magnet is also part of the transduction process and so needs
to be relatively massive to achieve high output powers. It is relatively easy to construct
an electrodynamic transducer to have enough stroke to operate at a low frequency, but its
large moving mass makes operation at high frequencies difficult.

A second advantage in pushing toward higher operating frequencies is that the
length, and thus the volume, of a thermoacoustic engine goes down proportionally with
the acoustic wavelength, which scales inversely with the frequency, with little penalty in
output power. Engine weight and size is therefore also reduced. The ability to increase
operating frequency of the engines appears to be limited by the performance of heat
exchangers at these shorter lengths, by the increase in parasitic thermal conduction as the
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hot and cold portions of the engine come into closer proximity, and by the moving mass
of the alternator/transducer.

In addition to making possible smaller alternator and engine sizes and weights,
another advantage of piezoelectric alternators over electrodynamic alternators is that the
PZT alternator should be highly efficient, above 95% efficiency—a modest improvement
over the 80-85% efficiency of a comparable electrodynamic alternator.

Advantages of the ring transducer over the bimorph transducer are: there are
fewer parts; the frequency of excitation of the PZT is twice that of the sound allowing for
the use of half as much PZT; the PZT can be used in the 3-3 mode allowing greater
output power; the PZT is never in tension where it is mechanically weak allowing greater
output power; the voltage induced during compression of the PZT is of the same sign as
the original poling voltage and thus does not have a tendency to de-pole the ceramic
which also allows greater output power; and it is difficult to overdrive the transducer
because the mechanical advantage in the conversion of axial hub force to radial spoke
force decreases at higher amplitudes. Advantages that the two transducer types share are:
they present a mass acoustic impedance which allows the resonator to be made much
shorter; they have negligible internal thermal acoustic losses on their internal surfaces
because there are no appreciable pressure swings inside the transducer; there are
negligible internal viscous shear losses because no fluid is made to pass through any
structures; and they have a small volume because they do not use a “back-volume”
common to many other transducer types.

Since there are no sliding seals or lubrication in either embodiment of the
thermoacoustic generator, there does not appear to be anything to wear out or require
maintenance, as long as all parts are designed for infinite fatigue life. Depending on the
application, however, in a complete system it may be necessary to include a small water
pump and/or fan for the ambient cooling loop, which may require some minimal
maintenance. Furthermore, the generator is environmentally friendly because the
working fluid is a benign gas such as helium, helium-argon mixtures, helium-xenon

mixtures, or air—no environmentally harmful substances are used.
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Thermoacoustic engines can use a wide variety of heat sources and temperatures,
and are adaptable to many applications. For example, in a device with multiple
thermoacoustic stages, as was illustrated in Figure 1, it is quite straightforward to convert
some of those stages from engines into chillers or refrigerators, making a power generator
that also delivers chilled water. Referring to Figure 1, with the vertical orientation shown
in the figure, it is preferred that engines 26 and 30 be converted into refrigerators while
engines 24 and 28 remain heat driven engines so that gas in the thermal buffer tubes of all
the engines and refrigerators are gravitationally stable, with either hot heat exchangers on
the top or cold heat exchangers on the bottom of the thermal buffer tubes. Such an
arrangement is illustrated in Figure 23.

The coaxial implementation of the thermoacoustic-Stirling engine shown herein is
very compact, which results in weight and volume savings and, we believe, leads to
lower acoustic losses than the original Los Alamos engine. The heat exchanger pressure
vessel penetrations and the arrangement of the engine components suspended within the
pressure vessel are chosen to minimize the adverse thermal expansion stresses associated
with the hot heat exchanger temperature. By having the hot penetrations on one side of
the nacelle and the cold penetration on the other side, as can be seen in Figures 4A and
4B, thermal expansion stresses are relieved by allowing the nacelle to tip slightly as the
hot components slightly expand. Furthermore, because the nacelle is not part of the
pressure vessel, it can be a thin wall hollow structure, which minimizes losses due to
thermal conduction, both along the nacelle between the hot and cold heat exchangers, or
through the nacelle between the hot heat exchanger and the gas in the annular passage

outside the nacelle.

Example 3: Ring Alternator with Spokes and Azimuthal Springs

Azimuthal springs may be added to the embodiment of the alternator in Figures
2A and 2B, as shown in Figure 5, to lower the ring resonant frequency in the generator to
twice the acoustic frequency. This embodiment shares with the embodiment of Figures

2A and 2B two force amplifying mechanisms for matching the mechanical impedance of
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the transducer to that of the engine: the conversion of axial force on the hub 104 into
radial tension on the spokes 105, and the conversion of tension in the spokes to
compression of the ring 106.

The alternator 103 of Figure 5 may be used in place of the alternator of Figures
2A and 2B. As with the alternator of Figures 2A and 2B, the alternator 103 includes a
ring 106 of piezoelectric material that forms a perimeter member. The ring includes
stacks of piezoelectric material extending between supports 108. Azimuthal springs 107
are placed between the stack of piezoelectric material and each support 108. This places
the springs in series with the piezoelectric material. The supports 108 are in turn
interconnected with the wall of the pressure vessel by spring supports 109. The hub 104
is interconnected with supports 108 by spokes 105. As with the embodiment of Figures
2A and 2B, there are preferably several layers of spokes that are generally parallel to each
other. The hub 104 is interconnected with an alternator face or diaphragm, as was
described with respect to Figure 2B.

The azimuthal springs 107 distributed within the piezoelectric ring 106 constitute
an additional mechanism of force amplification. The alternating compdnent of the input
force to the ring is much reduced when the ring is driven at resonance. The natural
frequency of a 5" diameter PZT ring without springs is about 8 kHz. In a rigid ring
without springs, as in the embodiment of Figures 2A and 2B, most of the force applied to
the ring works against the stiffness of the ring when driving the ring below its resonance
frequency. The addition of the springs 107, as well as the possible addition of mass to
the supports 108, can be used to lower the resonant frequency of the ring to twice the
operating frequency, which in the calculations performed so far has been taken to be 800
Hz for the radial motion of the ring and 400 Hz for the sound.

Resonating the ring leads to several advantages: First, the alternating forces in the
spokes are greatly reduced—by approximately a factor of 50, determined by the range of
tuning mismatch between the engine and the ring as a function of operating
temperatures—although the mean component of the force remains the same. The peak

force in the spokes, therefore, is reduced by approximately a factor of two. With the
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reduction in the peak spoke force, the spokes and diaphragm can be made about a factor
of two lighter, allowing a higher operating frequency. Secondly, the spoke tension is
nearly constant which diminishes mechanical fatigue, especially away from the spoke
ends. Third, a constraint of a “best sized” alternator of 20 kW that is present without the
springs and described below in Example 4 is removed so that alternators of smaller power

are made possible.

Example 4: Summary of Piezoelectric Ring Alternator Calculations
In order to teach one skilled in the art how to construct a piezoelectric ring
alternator without undue experimentation, an electromechanical equivalent circuit for the
quadratically driven piezoelectric ring alternator with spokes will be developed here. 1t is
a conventional linear model that uses some linear and nonlinear properties of a so-called
"hard" PZT piezoelectric ceramic (Navy type III) as parameters, as an illustrative
piezoelectric material. The model will be used to estimate the load resistance that
maximizes the alternator efficiency and that maximizes the output power. To further
teach the use of the ring alternator configuration, an example design calculation will be
illustrated here. The analysis will show that the alternator efficiency should be about
98% and the output power density should approach 20W/cm® of PZT (at 400 Hz) with an
appropriate choice of load resistance. The model includes azimuthal springs between the
PZT stack and its support, but also holds when azimuthal springs are absent. The best
natural size of the generator when azimuthal springs are not used will also be illustrated.
Consider an N; sided polygonal ring alternator of Ny stacks of PZT and N sets of
spokes. One of Ns equivalent slices of the alternator without azimuthal springs, centered
on one set of spokes, is shown in Figure 6A. Figure 6B shows an equivalent slice of the
alternator with azimuthal springs. The same force and dimension labels are used in each.
Each stack of PZT has length [, cross sectional area Ac, and is made up of n layers of PZT
each 7 thick, such that I = nz. The spoke length taken from the center of the alternator to

the centerline of the PZT stacks is a. Half the angle subtended by two sets of spokes is 77

/ Ns (radians). Although the supports and springs should ideally take little space, a sin (7
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/ Ns) is not assumed to be equal to //2 to account for the room taken up by them. The
radial velocity of the supports is ug, and the force of one set of spokes on its support is F,
both taken as positive inward. The azimuthal springs have a combined compliance Cu
per segment along their axis, in the direction of the line connecting the support and the
PZT stack (the two springs shown in Figure 6B each have compliance Ca/2). The
azimuthal springs are assumed to be infinitely stiff in the transverse direction so that the
PZT stack is constrained to move in the left-right direction of Figure 6B with the same
velocity ug as the supports.

PZT is conventionally described by a coordinate system where the 3 direction is
the poled direction. (In its manufacture, metal electrodes are fired onto two surfaces of
PZT. A high voltage applied across the electrodes while at high temperature polarizes
the ceramic in the 3 direction, perpendicular to the electrode surfaces, making the
ceramic piezoelectric.) The other two directions, perpendicular to 3 have equivalent
properties and are called I and 2. PZT elements are stacked together in the alternator,
electrodes touching, with the 3 direction of each element alternating in direction. Every
other electrode is wired together. The PZT elements are mechanically in series but are all
electrically in parallel.

The direction of the components of stress T, strain S, electric field E, and electric
displacement D in the PZT elements are denoted with subscripts. The elements of the
stack are mechanically free on their sides, so T; = T, = 0 . By symmetry, E; = E; =0 and
D; =D, =0. The transverse strains S; and S, are nonzero but are not interesting. This

simplifies the relations between the remaining PZT element variables:

S; = 5355 Ts + ds3 E3,

D; = dy;Ts + &3 Ez,

where anisotropic material properties of the PZT are given by these parameters: s35° is a

component of the compliance matrix at constant electric field (signified by the superscript
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E), €33T is a component of the dielectric constant matrix at constant stress (signified by
the superscript T), and d3; is a piezoelectric coupling constant. Five additional relations
are needed to connect the piezoelectric elements to the macroscopic inputs and outputs of

the alternator. The extension A& 4 of the spring is related to the force applied to it by

TsAc = Ada Ca. (3)
The combined extension of the spring and PZT stack are related to the radial support
motion by

(AEs+S31)/2 = —ugsin(n/Ns)/j o, @)

where j is the square root of —1 and @is the angular frequency 27f of the ring motion (at
twice the acoustic frequency). Newton's second law applied in the radial direction to the

alternator slice shown in Figure 6B is
Fs + 2AcTs3sin(z/Ns) = j w(OpzrAcl+ m) ug , 4

where ppzr is the PZT density and m is the mass of the support and its two attached
springs. The output current / (taken as positive inward) and voltage V of the alternator

are related to piezoelectric variables by

I = jwnNsAcDs, ©)

V =1tE;. @)

The seven equations (1) - (7) are the starting point of the model of, so far, nine variables
T3, S3, E3, D3, Aés, Fs, ug, I, and V. An additional relation can be made to specify the

electrical load; for example, a simple load resistor R;,
I=-V/R, (®

Substituting (1) for T3 in (5), using (3), (4) and (7) to eliminate S; and Ej,
multiplying through by Ns, and defining Fgz = Ns Fs as an arithmetic (not vector) sum of
the radial spoke forces Fs, gives an impedance form of Newton's law:

[JoM + 1/GwCy(1+K)Jug + NV/(1+K)-Fg =0, 9
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where the ring mass is given by
M = (ppzrAcl+m)Ns (10)

the ring compliance is given by

a S33E 1 l
2rAc  (Ns/msin(z/Ns) 2 asin(z/ Ns)

the piezoelectric transduction process is described by the coefficient N

n Ns AC d33 2a Si]’l(ﬂ'/Ns)
N = , (12)
E
asiz l

and a factor, 1 + K, appears because of the presence of the azimuthal springs, where K is

the ratio of the spring compliance to PZT compliance
K = CAAc/lS33E. (13)

If azimuthal springs are not present, K should be set equal to zero. The last factors in
(11) and (12) are nearly unity. They are a small correction for the finite size of the
support and springs. The next to the last factor in (11) is also nearly unity. It is a
correction to the round ring result for a polygon of a finite number of segments Ns.

The mechanical resonance frequency of the ring is found by setting the

mechanical impedance jaM + 1/jwCpu(1+K) of (9) equal to zero:
a’ = 1/[MCy(1+K)]. (14)

The forces in the spokes will be minimized at this frequency. The naturally high
resonance frequency of a PZT ring can be brought down to twice the acoustic frequency
by increasing K and/or M.

Kirchhoff's law for the electrical side of the alternator comes from substituting (2)
into (6), using (1), (3), (4) and (7) to eliminate T3, S3, E3, and A&,, and using (8) to

eliminate I:

~Nur/(1+K) + (jwCo+1/R.)V, (15)
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where the blocked (ug = 0) output capacitance Cp of the alternator is given by

Co = (1-kss*/(14K))n NsAc &3' /1, (16)

and the electromechanical coupling constant k33 is given by k332 = d332 / S33E 6‘33T.

Newton and Kirchhoff's laws, (9) and (15), can be represented by the equivalent
circuit shown in Figure 7A, which obeys the same mathematics as Eqgs. (1)-(16). An
ideal transformer with turns ratio N, which has units of N/V, represents the
electromechanical transduction terms in (9) and (15). The compliance of all the
azimuthal springs is represented by a shunting capacitor Cg = K Cy . Following common
practice, the resistors Ry and Ry are added to represent mechanical and electrical
dissipation within the PZT. The manufacturer of the PZT specifies a mechanical Qy

from which to derive the mechanical loss resistance Ry,

Ry =1/0wCyQum , a7

and a dielectric loss tangent tan(d) which is used to calculate Ry,

Ry = 1/wC'tan(é) = t/ wn NgAc &3 tan(d), (18)

where C'y is Cy without the so-called “motional” factor (1—k332/(1+K)). Resistors R; and
Rp are included to represent mechanical losses outside the PZT, in such places as
adhesive attachments of the PZT or in the azimuthal springs, respectively, but for now
both are assumed to be zero. Their true value should be determined experimentally.
Maximizing the efficiency of the generator requires the minimization or
cancellation of the total reactance of the alternator. For example, a power factor inductor
may be added across the alternator output to cancel the current through Cp. Part of the
design task for the generator as a whole is to balance the stiffness reactances (which store
potential energy) of Cpy and Cp, the spoke stiffness and the gas stiffness of the
thermoacoustic engines with the inertial reactances (which store kinetic energy) of the
ring, hub, diaphragm and the spoke masses. Assuming all these reactances balance out,
and R, and Rj are indeed small enough that they can be neglected, the equivalent circuit

can be reduced down to the circuit of Figure 7B. The useful output power is /7, =
35



10

15

20

25

PST-11302/36
42403jal

|V’/2R,, where |V] is the output voltage peak amplitude. The input power is /7 = |Vi*/2R;,
where the input resistance R; is the series-parallel combination R; = R, + (1/R, + 1/Ro)",
and R, = Ry/N* and |Vi| = Fg/N are the mechanical resistance and input force reflected
over to the electrical side of the transformer. The efficiency e is 7Zy/7T;, which after some

manipulation is to good approximation

e =R.Ro/ [(RL+Run)(RL+Ro)]. (19)

For an alternator to have a reasonable efficiency, R,, will have a small value because it is
a series element and Ry, will have a large value because it is a parallel element.
Combining (11), (12), (17) and (18) with the definition of R, gives for the ratio, which
should be large, '

RO/Rm = k332 QM / tan(é) . (20)

Notice that this expression depends only on the material properties of the PZT rather than
on any other design choices. Of the common commercially available versions of PZT,
Navy type III, also known as PZT-8, is very likely the best choice for this alternator
because of its high Qu and low tan(J), even at high amplitudes. It was developed for
high power sonar projectors. Typical values for PZT-8 from one manufacturer are k3 =
0.44, Qy = 1050 and tan(J) = 0.004 at low amplitudes. At high amplitude (E; = 4 kV/cm
rms), tan(d) degrades to 0.01 and Qy drops to around 350. For these degraded high
amplitude values Ry / R,, is still high at 15,000. The efficiency given by (19) is plotted in
Fig. 8 for PZT-8 at high amplitude on a log-log plot. The efficiency is greater than 90%
over a two order of magnitude range of R;. Because Ry / R, is so high there is a
comfortably broad range of R, that will give high efficiency. The curve is symmetric

about the geometric mean of R,, and Rp. The highest efficiency therefore occurs with

Rimax erriciency = (RoRu)™ = (RoRy)"*/N. | (21)

The value of efficiency e for this value of R, is 98.4%. A piezoelectric alternator can

potentially have such a high efficiency because with PZT-8 Qy is very high and tan() is
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very low, as long as other mechanical loss mechanisms represented by R; and Rp in the
equivalent circuit are kept small.

The load resistance can also be chosen to maximize output power rather than
efficiency. The PZT has a maximum electric field E; yax and a maximum stress T3 pax
that it can tolerate without damage. Using these values for E3 and T3 in R, = -V /I, (2),
(6) and (7), and assuming that the reactive currents are negligibly small, an approximate

expression for the value of R that maximizes the output power is

Rimaxpower = Esmaxt / Tzmax wn NsAcds;z . (22)

As it fortuitously turns out, these two optimized values for R, are nearly the same as can

be seen by taking their ratio:

Ry, MAX POWER ( E3 max® &3 tan(5))

= | |, (23)

2 E
RLMAXEFFICIENCY K T3 max” 533 /QM }

which has the value of 0.87 for PZT-8. Like (18), this expression is independent of
design decisions; it depends only on material properties. It should therefore be quite
straightforward to simultaneously have high efficiency and high power from the
alternator.

The maximum power that can be taken from the alternator per unit volume of
PZT, muax, 1s given by (E3 pax t)2 !/ (2 R max power Ns | Ac) which reduces to a maximum

power density in the PZT of

Tax = @ d33 Esmax Timax /2. (24)

For PZT-8 limiting values for E; pyax and T3 yax are 8 kV/cm and 7000 PSI,
respectively, when no mechanical or electrical bias is present, i.e. when the electric field
and mechanical stress swings equally in the positive and negative directions. This
condition leads to a power density of 23 W/cm® for an example acoustic frequency of 400
Hz and ring motion frequency of 800 Hz. The negative swings of the electric field and

peak mechanical stress in tension are what limit this power density. The ceramic is weak
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in tension, and both negative voltages and tensile stresses tend to de-pole the ceramic.
The quadratically driven ring alternator (with spokes) has the advantage, however, that
the PZT is always placed in compression and the voltages induced are positive—in the
same direction as the original poling voltage. Thus it may be possible to drive the PZT to
higher levels. A survey of the literature suggests that E; yax and T3 yax may be pushed to
as high as 15 kV/cm and 12,000 PSI, respectively, when both are only applied in their
advantageous directions. If this is so, then 7yax may be as high as 75 W/cm>, which is
very high. With the more conservative 23 W/cm® power density, the thermal power to be
dissipated would be 0.37 W/cm® at 98.4% efficiency, but at 75 W/cm® the thermal
dissipation would grow to 1.2 W/cm®. At some point the PZT could be thermally limited.
The tolerance of higher PZT power densities should provide a safety factor for short
mechanical overloads, however.

Azimuthal springs give some flexibility in the design by allowing adjustment of
the overall radial motion ug of the ring, which in turn allows adjustment of the hub
motion to best match the acoustic motion delivered by the engine for a given diameter of
the ring. If a choice has been made not to use azimuthal springs, however, then there is a
best natural diameter and power for the generator because of the need to match the
alternators to the engines. The acoustic volume displacement determines the necessary
volume swept out by the faces of the alternator, which in turn is related to the PZT strain
through the spoke geometry. The alternators and engines are then matched by adjusting
the amount of PZT in the alternators so that the maximum amount of power absorbed by
the alternators and converted into electricity is the same as the maximum power produced
by the engines. An example calculation of matching an alternator without azimuthal
springs to a thermoacoustic engine is shown next.

We will require that the alternators and the engines fit in a pressure vessel with
the same internal radius R for simplicity of the vessel. The output power of the engines
will be scaled with R to keep the acoustic power density, gas velocity us and f)ressure
amplitude at the alternator fixed at the values 7.18 W/cm?, 18.2 m/s and 88.6 kPa,
respectively, of a thermoacoustic-Stirling engine numerical model for the design of
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Figure 1. For an effective moving area of the diaphragm assumed to be 80% of 7R%, the
peak displacement of the diaphragm ¢ is then given by ¢ = u4 / (0.80) an = 9.0 mm,
where @y is the angular frequency of the sound (= 27400 Hz). The spokes bend in a
complicated manor, but for simplicity they will be assumed to have their flexing confined
to a short region near their ends (pivoting like a hinge) and an effective length h = K}, a,
where K, will be taken to be 0.90. A fatigue analysis estimates that the safe peak tensile
stress Ts in spring steel spokes is 30 kPSI. The spokes will have strain Ss = Ts/ Ys = 30
kPSI/ 30 MPSI = 0.001 while under tension, where Y5 is Young's modulus of the spokes.
The maximum PZT strain S3 is approximately T3 533t = 6.8x107. Using the Pythagorean
theorem, the inward radial motion S;a of the PZT supports can be related to { by S;a = h
-h[(1+ Ss)? - <&/ hy’17"2, Solving for a gives the alternator radius best matched t6 the

engines:

apest = L2 Ky (S3+ KiS9) 17 = 169 cm, (25)

after plugging in values. In order to leave room for the PZT and support springs, the
pressure vessel diameter should be 2R = 2a /0.80 = 42.3 cm = 16.6". This then leads to
the power from each thermoacoustic-Stirling engine /7y = 7z, 7R’ = 10.0 kW. As each
engine is about 6" in length, a generator in the balanced configuration of Figure 1, with
four 10 kW engines and two 20 kW alternators, would generate 40 kW (54 horsepower)
of electricity in a pressure vessel about 34" long and 17" in diameter.

The alternator design is pretty much determined at this point in the analysis. The
number of sections Ns can be picked for convenience to be 6, say. Also for convenience,
selecta=1l=nt=160cm, n=16 and t = 1.0 cm. With mux = 23 W/cm? and the
requirément for 20 kW gives Ac = 9.06 cmz, which if the PZT is chosen to be in the form
of stacked round disks, would give the disks a diameter of 3.40 cm diameter. The total
mass M of PZT needed for each alternator is only 7.55 kg. The alternator can be
designed for maximum output power rather than efficiency since the efficiency peak is so
broad. At full drive levels, with {'= 9.0 mm, the alternator output voltage is 5875 Vgus,

the output current is 3.40 Arums, the maximum PZT stress 73 is 8200 PSI (a bit higher
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than the targeted 7000 PSI) and maximum field E; is 8.3 kV/cm (also, a little higher than
8.0 kV/cm). The alternator efficiency (acoustic to electrical) e is 98.2%, assuming no
additional losses. If desired, n can be varied to trade output voltage for current, as if it
controlled the turns ratio of an output transformer. Other variables of interest, derived
from the equations above are:

Ry 172682

Cu  4.15x107" m/N

Ry 1370 Ns/m

N 9.25 N/V
Co 45.6 nF
Ry 246 kQ

Ri=Ry/N* 160Q
fo=w/2n 2843 Hz
|Fgl| 287 kN
|ak| 0.563 m/s
phase angle by which uy leads Fg 75.4°
phase angle by which ug leads V 21.6°
power dissipated in Ry, IuR|2 Ru/2 217 W
power dissipated in Ry, VRM52 /Ry 140 W
The alternator efficiency of 98.2% (acoustic to electric power conversion)
coupled with a projected engine thermal efficiency of 33% (thermal to acoustic
conversion) gives a thermal to electrical conversion efficiency for the generator of 32%.

The generator also appears to be potentially fairly compact and quite lightweight.

AZIMUTHAL SPRING EMBODIMENT
The desired spring constant and range of motion of the azimuthal springs for use
in the piezoelectric ring of Figure 5 tends toward that of conical Bellville washers,
although the springs must be designed in such a way that they do not suffer fretting wear

or fretting fatigue at their points of contact with the supports or the piezoelectric material.
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A preferred embodiment of the azimuthal springs is shown in Figure 16. The figure is a
sectional diagram of a solid of rotation about the center line. The spring 270 consists of a
first piece 272 and a second piece 274 that are attached at their contact by a means such
as welding, brazing or soldering, as shown at 276. The main flexible energy-storage
element is a pair of Belleville-like cone spring portions 278 and 280 which are part of the
first and second pieces 272 and 274. The cones 278 and 280 attach to a base plate 282
and 284, respectively, on either end of the spring through a central pedestal 286 and 288,
respectively. Fretting is avoided by use of the pedestal and the joining of the cones. As
will be clear to those of skill in the art, other spring designs and approaches may be used
in place of the bevel-like design disclosed herein.

As an alternative to the bevel-like cone springs, an elastomeric material may be
used. For example, a simple block of low mechanical-lost elastomeric material may be
positioned between each stack of piezoelectric material and the corresponding keystone-

shaped support.

Example 5: Performance of the Bimorph Generator

High efficiency and low radiated noise appear to be key advantages of a
thermoacoustic-Stirling  piezoelectric generator. Other advantages over other
technologies seém to be a smaller size and weight. For the design of Figures 4A and 4B,
similar to the calculation above, the generator core efficiency (heat into the hot exchanger
to electricity out) has been estimated to be 32%. This is the product of a 34% engine
efficiency (heat to sound) and a 95% alternator efficiency (sound to electricity). The
engine efficiency is 51% of the ideal Carnot efficiency. The total mass of the core
components shown in Figures 4A and 4B is 12.8 kg (28 1b) (13.5 kg with a noise
proofing shell), most of which (9.7 kg) is in the PZT alternator. The volume is 7.8 liters.
With a 2.0 kW output this gives specific output powers of 260 kW/m?® and 156 W/kg for
the thermoacoustic generator core.

This core efficiency of 32% might be the appropriate system efficiency when the

generator is embedded within a large system. For example, for power generation on a
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naval ship, heat could come from gas turbine waste heat, while the heat rejected from the
cold exchangers could be taken away by a ship cooling loop, and the output power could
be used directly or used after it was rectified to DC power. However, in other
applications additional parts may be needed, which would degrade these numbers. For
example, a stand-alone mobile power generator would require a burner. To maintain a
high system efficiency the combustion air should be pre-heated with the exhaust from the
hot heat exchanger through a recuperator. Not all of the heat of combustion will be able
to be captured in this way, however, so there will be a burner efficiency (heat value of
fuel to heat into the hot exchanger) that is less than one. An estimate might put this at
85%, bringing the system efficiency down to 27%. The burner and recuperator also add
to the mass and volume of the system. For the same mobile application, a means of
rejecting the heat from the cold heat exchangers must also be provided. In some cases
this may be done passively with heat pipes and natural convection cooling. However, it
may be necessary to use a conventional cooling loop consisting of a water/glycol mixture,
plumbing, a pump, an external heat exchanger and a fan. Allowing 100W for the pump
and fan brings the system efficiency down from 27% to 26%. Finally, the high frequency
output of the PZT should, in most cases, be rectified to DC and then converted into
120/240V 60 Hz, as needed, with a power inverter, which may have an efficiency (high
frequency power in to 60 Hz power out) of 95%, bringing the overall system efficiency
down to 25%. A fuel tank and overall enclosure or frame would be needed as well,
which, with the other auxiliary parts, degrades the specific power density numbers.
Nevertheless, if we allow for an additional 7.5 kg of mass and 19 liters of volume
(which includes 11 liters for a 3.0 gallon fuel tank), and use this as an estimate for a
design including all these auxiliary components to make the system self contained and
mobile, a thermoacoustic generator still looks good compared to the best comparable
generator from Yamaha Corporation, the model YG2800i, especially on efficiency and

radiated noise level where our estimates are the most reliable:
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Thermoacoustic Generator Estimate Yamaha YG2800i
output power 2000 W 2500 W
weight 21 kg 30 kg
volume 27 liter 81 liter
power per weight 95 W/kg 84 W/kg
power per volume 74 KW/m® 31 kW/m®
W-hr of electricity per gallon of gasoline 8920 5375
efficiency (fuel energy to electricity) 25% 15%
full power radiated noise level 34 dBA 67 dBA
oil to change no yes

Example 6: Other Embodiments

Figures 2-4 show a corrugated diaphragm as a means for sealing the alternator
piston faces to the pressure vessel while allowing axial motion of the faces over a range
of travel. Alternative means for doing the same are shown in Figures 9, 10 and 11. In
each of the three figures, a cross-sectional view of an alternator, along with a portion of
the pressure vessel is shown. Referring first to Figure 9, the pressure vessel 110
surrounds the PZT ring 112, which is attached to the pressure vessel wall 110 by support
springs 114. Spokes 116 interconnect the ring 112 with the hub 118. The alternator has a
pair of alternator faces 120 and 122. In Figure 9, the hub 118 and faces 120 and 122 are
shown displaced to the left. Roll socks 124 and 126 interconnect and seal faces 120 and
122 to the pressure vessel wall 110. The roll socks are preferably in rings of a half turn
of flexible material, to provide a flexible seal.

Figure 10 shows another embodiment with a similar pressure vessel wall 128
surrounding a ring 130, with the ring interconnected with the wall by spring supports 132.
Spokes 134 interconnect the ring 130 with the hub 136. Alternator faces 138 and 140 are
connected to the hub 136. As with Figure 9, the hub 136 and spokes 134 are shown
displaced to the left. In this embodiment, bellows 142 and 144 connect the faces 138 and
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140, respectively, to the pressure vessel wall 128. This is another approach to providing
a flexible seal.

Figure 11 shows another alternative version, using a clearance seal. A portion of
the pressure vessel wall is shown at 146, the ring is shown at 148 and the support
interconnecting the ring 148 with the wall 146 is shown at 150. The spokes 152
interconnect the ring 148 with the hub 154, and are shown deflected to the left.
Alternator faces are shown at 156 and 158. The face 156 may be said to have a piston
skirt 160 which fits closely into a precision cylinder or housing 162, so as to provide a
very small gap 164. The gap 164 should be small enough that negligible gas is able to
pass through the gap in response to motion of the faces, but not so small as to cause
undue losses due to viscous shear of the gas in the gap. A similar clearance seal is
provided for face 158.

Figure 12 shows an alternative version of the ring transducers of Figures 2A, 2B
and 5. In this embodiment, the piezoelectric ceramic 200 is in the form of a striped
cylinder. It is a single piece of ceramic with striped electrodes 205 painted around its
perimeter. Alternate electrodes are connected together to put the segments of the ring
electrically in parallel. As an alternative to flat shim spokes, Figure 12 shows wire
spokes 201, made, for example, from high strength steel music wire. Also, as the above
calculation for the ring alternator showed, there is a best diameter, and therefore a best
output power, for the ring alternator that depends on the mechanical compliance of both
the piezoelectric ring and the spokes. Figure 12 shows a technique for constructing a
lower power alternator that is matched to lower power engines: increasing the
compliance of the spokes. In this case, each spoke is coiled into a spring 206 near the
ends of the spoke. Placing the coiled part near the piezoelectric ring rather than near the
hub 204 lowers the moving mass of the alternator, allowing a higher operating frequency.
The spokes are attached, for example by brazing, to support bars 202. In one
embodiment, the support bar 202 is separated from the piezoelectric ring 200 by an
insulator 203. However, if the ring 200 is patterned with electrodes 205 such that

electrodes on either side of the support bar 203 are at the same potential, and no other
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electrodes are patterned under the support bar, then the insulator 203 becomes
unnecessary. The support bar, piezoelectric ceramic ring, and insulator (if used) may be
joined with adhesive.

The techniques of Figures 12, 2A, 2B and 5 may be combined in various
combinations. Figure 13, for example, shows wire spokes 224, with coils 222, attached
to a keystone-like support 221, with a polygonal piezoelectric ceramic ring made up of
straight stacks 220 of ceramic elements. As another alternative, azimuthal springs may
be included in any embodiment herein.

Figure 14 shows a detail of an alternate means for attaching spokes 247 to a
striped ring piezoelectric ceramic 244. This figure also shows an alternate means for
decreasing the size and power of a ring transducer: adding compliance to the spoke
support structure. The spokes 247 are attached to a yoke 243, which is attached to a
clamp 241 via elastic members 240 formed in the clamp by cutting a rounded bottom
notch 248 in the clamp. An insulator 242 may or may not be needed, depending on how
electrodes 245 are patterned on the ceramic ring and how they are wired together with
leads 246. If the region under all of the clamps 241 of the alternator are held at the same
potential (such as ground), then the insulators 242 may be omitted. The design of Fig. 14
has the advantage over that of Fig. 12 in that no adhesive is placed under tension, where
it is weak. Some adhesive between the clamp 241 and/or the insulator 242 and ring 244
may be desirable to avoid motion of the clamp due to the relatively weak axial forces
from the spokes when they are flexed.

'Figure 15 shows a detail of another alternate means for attaching spokes 263, this
time chosen to be constructed of flat shim stock. Multiple spokes 263 are joined to
spacers 264 and mounting blocks 265, for example by furnace brazing. A yoke and
clamp piece 260 attaches to the mounting blocks 265, for example with screws. The legs
of yoke 261 may be made elastic, if desired, by the cutting of multiple round bottom
notches 262, so as to allow the construction of a lower power alternator as described

earlier.
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SPOKE END PREFFERRED EMBODIMENT

The spokes for the embodiments discussed therein may be fabricated from stacks
of thin uniform thickness plates of strong fatigue resistant material, such as spring steel.
The spokes, keystone supports and hub may be all cut out of different regions of the same
plate. Many plates are stacked on top of one another, separated by shim plates in the
support and hub regidns. The whole assembly is joined into one unit by a process such as
oven brazing. The spoke-support-hub assembly then forms a compliant mechanism, with
solid supports and hub, and spokes which are free to flex in the axial direction.

With axial motion of the hub, for spokes that are not too thick, the bending of the
spokes is confined to a small region near the spoke ends near the supports and the hub.
The spoke ends are exposed both to membrane stress due to radial tension in the spokes,
and bending stress. The spokes can be treated as cantilever beams under simultaneous
bending and tension in a conventional manner for the selection of their dimensions. In
such a case, the bending stress, which is proportional to the curvature of the spoke, is a
function of the tension in the spoke as well as the thickness and axial displacement of the
spoke. The higher the membrane tension, the sharper the curvature of the bend of the
spoke end, and the higher the bending stress. However, for a constant tensile membrane
stress in the center of the spoke where the curvature is negligible, it will be found that the
curvature of the spoke end will increase with decreasing spoke thickness in such a way
that the ratio of the bending stress at the spoke base to the tensile stress at the center of
the spoke is independent of the thickness. Thus, it is not possible to make the bending
stress negligible by decreasing the thickness of the spokes.

For a straight spoke 290, shown in Figure 17, the tensile force carrying capacity
of the spoke will be limited by the bending stress at the spoke end. Most of the rest of the
spoke will not be fully stressed, and the spoke will be unnecessarily massive. The excess
mass will limit the highest operating frequency of the generator, but this might be an
acceptable trade-off, in some cases, for the simplicity of the design.

A tapered spoke end 292, as shown in Figure 18, is the preferred, higher

performance, embodiment for a spoke. It has a nearly triangular region 294 near the base
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296 (toward either the hub or the support) where bending stress dominates the total stress,
a straight region 297 away from the base where membrane tensile stress dominates, and a
transitional region 298 in between where both membrane and bending stress is important.
The shape of the spoke is optimized so that the maximum total stress at any radial
position along the spoke, which is the sum of the bending and membrane tensile stresses,
is a constant. Thus, each portion of the spoke is maximally stressed and the spoke has the
minimum mass. The ratio of the width of the spoke base to the width of the straight
section of the spoke is approximately proportional to the square of the angle of deflection
of the spoke. Thus, the optimal shape will depend on the diameter of the generator and
the displacement of the hub.

An alternate embodiment of the spoke-support-hub structure is to stack straight
strips of spring steel in the shape of a cross—first a horizontal strip, then vertical, then
horizontal and so on. At the four ends of the cross are placed trapezoidal strips made of
material of the same thickness material as the spokes, in the gaps between the spokes, to
form the keystone-shaped supports. The whole assembly may be joined together by
braze, adhesive, or fasteners, although fretting fatigue where the laminations cross at the
spoke ends may be a problem when using fasteners. This four section spoke-support-hub

structure does not have optimally low mass, but it can be constructed at low cost.

RESONANT RING WITHOUT SPOKES EMBODIMENT

Figure 19 shows another embodiment of a piezoelectric alternator 300 that can be
used as an acoustic or resonant mass. It is based on a resonant ring 302 without spokes.
The ring 302 is composed of a plurality of interspersed piezoelectric elements 304 and
azimuthal springs 306. The piezoelectric elements 304 may each be a stack of ceramic
elements used in the 3-3 mode with alternating polarity, which is preferred and shown in
the figure, or a single piece of 3-1 ceramic, or a striped ceramic. The azimuthal springs
may have several forms. Shown in Figure 19 are springs 306 in the form of deformed

tubes which get their compliance from the bending of a curved beam. A simple block of
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elastomer may also be used for the azimuthal spring. Because of their arrangement, the
springs may be considered to be in series with the piezoelectric material.

The azimuthal springs 306 allow substantial radial movement of the ring 302 as a
whole so that it may be used as the acoustic or resonant mass of the acoustic resonant
system. Flexible skirts 308 and 310 cap the ring 302 on both ends of the ring to seal gas
in the space inside the ring from the gas outside the ring while accommodating the large
(perhaps several millimeters) radial motion of the ring. In one embodiment, each skirt
consists of side plates 312, joining regions 314, flexible cones 316, bulges 318, end
region 320, hinge regions 322 and an optional port 324 and attachment ring 326. The
skirt 308 is a compliant rﬁechanism. It is formed from a thin fatigue resistant material,
such as a tough plastic or spring steel, that should be stiff enough that the skirt holds its
shape without buckling under the acoustic pressure difference that will be applied
between inside and outside portions of the alternator, yet thin and flexible enough that the
skirt 308 is free to bend at the hinge 322 regions near the perimeter of the side plates 312,
and that the cone 316 is free to roll or unroll to accommodate the contractions or
expansions of the azimuthal springs 306. The side plates 312 are relatively rigid. Their
rigidity may be enhanced by making them thicker than the other parts of the skirt,
reinforcing them by joining each of them to a thicker rigid plate, by deforming the side
plate into a domed shape, or by a combination of these methods. Although in the figure
the hinges 322 are shown to be sharp folds in the skirt for clarity of conveying their
function and location, the hinge regions should be rounded, making a smooth blend to the
rest of the skirt, to avoid stress concentrations.

If the piezoelectric element 304 is a stacked ceramic or a striped ceramic and if
the skirts 308 and 310 are made from metal, there should be thin additional electrical
insulators, not shown in the figure, inserted between the skirts 308 and 310 and
piezoelectric elements at the joining regions so that the skirt does not electrically short
the piezoelectric elements. If the skirt is fabricated from an insulator, no such insulation
is needed. If the piezoelectric elements are single plates used in the 3-1 mode with the

side facing the skirt at ground potential, then again, no insulator is needed at the joining
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region, although an insulator may then be needed between the piezoelectric elements and
the azimuthal springs if the springs are metallic.

The bulges 318 in the cones act to relieve what is mostly axial membrane stress in
the cone caused by the slight change in angle between the cones and the azimuthal
springs near the joining region which occurs as the resonant ring oscillates radially and
the side plates and cones rotate to follow the ring motion.

One of the functions of the end region 320 of the skirt 308 is to allow axial
motion of the hinge region necessary because of the rocking motion of the side plates.
To some extent this function is also accomplished by the hinge region itself if it is
curved; the radius of curvature can change to allow the side plate to follow the radial
motion of the piezoelectric elements while remaining attached to the end region. The
amount of the axial motion to be accommodated depends on the angle that the side plates
make with the axis of the alternator. The axial motion can be minimized with side plates
that are parallel to the axis, each side plate in the same plane as its corresponding
piezoelectric element (the side plates would then be trapezoidal shaped rather than the
rectangular shape shown in Figure 19, with the side facing the end region 320 longer than
the side facing the joining region 314, to accommodate the shape of the cone 316),
although this will maximize the change in angle that needs to be accommodated by the
bulges.

This type of resonant ring alternator 300 without spokes may be used with any of
the examples of oscillatory motion heat engines described above, such as thermoacoustic-
Stirling, thermoacoustic standing-wave, thermoacoustic cascade, thermoacoustic no-
stack, conventional Stirling, free-piston Stirling, and others. When the alternator is used
to convert acoustical power to electrical power, the outside faces of the side walls,
formed by the piezoelectric elements 304, serve as the movable faces of the alternator.
That is, acoustical power acts on the outside faces of the side walls, thereby resonating
the ring, thereby stressing the piezoelectric material. To illustrate the use of the
piezoelectric alternator with such engines, the thermoacoustic-Stirling engine will be

used by example in the following figures.
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Figure 20 shows in cross section a generator 332 with a resonant ring alternator
330 without spokes being used with a single coaxial thermoacoustic-Stirling engine 352,
similar to the engine shown previously in Figures 4A and 4B. In this embodiment, a port
in the alternator 330 is not used. The end regions 334 and 336 of the skirts 338 and 340
are held apart by a post 342 and pedestal support 344, defining a trapped portion of gas
within the alternator (except for a slow leak, not shown, to allow long term pressure
equalization between the inside and outside of the alternator). This trapped ‘“back”
volume 346 is somewhat disadvantageous because radial motion of the ring 348 causes
pressure swings within the back volume which cause acoustic thermal losses on internal
surfaces of the alternator 330. On the other hand, the generator 332 has a simple
construction because it contains only one engine 352.

There are no net vibrations transmitted to the pressure vessel 350 from the radial
motion of the resonant ring. However, the vertical gas motion in this embodiment is not
balanced—the center of mass of the gas moves axially as the gas goes through its
acoustic cycle, which leads to a axial vibrations of the pressure vessel.

The generator 332 includes a thermoacoustic engine 352 for converting heat to
sound. The thermoacoustic engine 352 includes a hot heat exchanger 354, a cold or
ambient heat exchanger 356 and a regenerator 358 sandwiched between the heat
exchangers. A nacelle 360 surrounds the thermal core, consisting of the heat exchangers
and the regenerator. The nacelle is generally cylindrical and coaxial with the pressure
vessel. The nacelle is spaced from the walls of the pressure vessels so as to provide an
annular space. This embodiment is illustrated with a jet pump 362 for counteracting
Gedeon streaming. This embodiment is also illustrated with a secondary ambient or cold
heat exchanger 364 at the open end of the nacelle 360, such that the thermal buffer tube is
defined between the hot heat exchanger 354 and the secondary exchanger 364.

As with the embodiment of Figure 1, the alternator 330 replaces the acoustic or
resonant mass of a traditional thermoacoustic resonator. Also, the annular space between
the pressure vessel wall and the nacelle 360 acts as a lumped acoustic mass. The space

between the cold heat exchanger 356 and the end of the pressure vessel acts as a gas
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spring. This mass-spring sub-system is preferably tuned to have a resonant frequency
well above the - operating frequency of the generator 332, such that the pressure
oscillations at the upper end of the pressure vessel 350 are slightly enhanced. In other
words, the pressure peaks are slightly higher on the cold side of the thermal core and the
pressure minimums are slightly lower on the cold side of the thermal core.

Figure 21 shows in cross section a vibration balanced configuration of a generator
370 for using a resonant ring alternator 372 without spokes. It uses two coaxial engines
374 and 376, separated by a gas tight partition 378, operating 180 degrees out of phase
with each other. The configuration of Figure 21 is generally radially symmetrical, such
that the partition 378 forms a cylinder, and the inner and outer engines 374 and 376 are
each generally annular rings. As gas in the inner engine 374 moves downward, gas in the
outer engine 376 moves upward, and vice versa. By adjusting the power output and the
cross sectional areas of the inner and outer engines to be nearly the same, the center of
mass motion of the gas in the inner and outer engines can be balanced, leading to a
cancellation of vibrations transmitted to the pressure vessel 380, for quieter operation of
the generator 370 where warranted by the extra complexity of having dual engines. The
vertical motion of gas in the engines 374 and 376 drives the radial motion of the
alternator which in turn generates electrical power. To minimize the volume that needs
to be swept out by the alternator 372, a filler plug 382 is placed in the interior region of
the alternator to remove excess compliance of the interior gas.

The inner and outer engines 374 and 376 are constructed similarly to the
thermoacoustic engine of the prior embodiments. The inner engine 374 includes a hot
heat exchanger 384 and an ambient or cold heat exchanger 386 sandwiching a
regenerator 388. The nacelle is formed by an inner-nacelle wall 390 in the partition 378.
A jet pump 392 is provided on the upper, cold, end of the engine 374, and a secondary
exchanger 394 is provided on the lower end. Likewise, the outer thermoacoustic engine
376 includes a hot heat exchanger 396, and an ambient or cold heat exchanger 398, and

regenerator 400. The nacelle is formed is formed by an outer nacelle wall 402 and the
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partition 378. A jet pump is shown at 404 and a secondary heat exchanger is shown at
406.

Figure 22 shows a similar vibration balanced generator 410 configuration without
a filler plug. Excess volume in the interior of the alternator 412 is taken up by the
reentrant shape of the pressure vessel 414. The cylindrical pocket 416 in the pressure
vessel may be put to a beneficial use, for example, holding electronics associated with the
generator.

It should also be mentioned that under some conditions it may be advantageous to
use the generators shown herein in the reverse sense to pump heat. What has up to now
been described as an alternator may be driven with high voltage oscillatory electrical
power. The alternator then becomes functionally a loudspeaker that drives pressure
oscillations and acoustic power flow within the pressure vessel. The engines then
become functionally heat pumps or refrigerators driven by acoustic power from the
loudspeaker. Also, the transducers may be used as drivers for other application, such as
using them as acoustical drivers.

As a further alternative, a thermoacoustic device with the general configuration of
the device in Figure 1 may have some of its thermoacoustic cores used as engines, while
other stages are used as heat pumps or refrigerators. Such a configuration is show in
Figure 23, wherein the topmost and second to bottom thermoacoustic cores are used as

engines, while the bottommost and second from the top cores are used as refrigerators.

APPLICATIONS OF THERMOACOUSTIC-PIEZOELECTRIC GENERATORS
As will be appreciated by those of skill in the art, the generators illustrated herein
may be used in a wide variety of applications. The following list provides some
exemplary applications.
® Modular, distributed thermoacoustic piezoelectric power plants, some with integral

chillers, for powering ships or aircraft.
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o A chiller for a chemical protection suit that also generates electricity and is therefore
able to reduce the overall weight carried by the user by reducing the number of

batteries to be carried in other electronic systems..

o A thermoacoustic piezoelectric generator/chiller can potentially be made substantially
lighter than an equivalent internal combustion engine, conventional generator, and
vapor compression refrigerator combination.  Airlifted thermoacoustic auxiliary
power units for heating, cooling and electricity generation may therefore be attractive

because of weight savings.

o Because a thermoacoustic piezoelectric generator does not need air (as required by
gas turbine, diesel, or gasoline engines), thermoacoustic generators may be

considered for space applications.

o A thermoacoustic piezoelectric generator and chiller/heat pump unit can be used to
generate electricity, winter heating and summer cooling for use in the cab of a truck
for the comfort of the driver during mandatory rest stops, and for preheating of the
main diesel engine and fuel system for easier start up. The unit may be powered by
combusting diesel fuel. This allows the main diesel engine of the truck to be turned
off rather than left at idle as is commonly practiced at rest stops. This would have
beneficial impacts on fuel usage, wear on the main engine, exhaust emissions and
noise pollution.

o Waste heat from the exhaust of trucks or cars may be used to thermoacoustically
generate electricity that may be used for additional motive power in a hybrid vehicle.

o A thermoacoustic piezoelectric generator may be used to generate additional

electricity as a bottoming cycle from the waste heat of fuel cells, particularly solid

oxide fuel cells which run with a high (850 C) exhaust temperature.

o A thermoacoustic piezoelectric generator/chiller may be used to refrigerate the cargo
of a truck while generating the electricity needed to run fans to circulate air in the

refrigerated compartment. The unit may be powered by combusting diesel fuel.
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¢ The projected compactness of a thermoacoustic piezoelectric generator suggests that
it may be useful as an automobile power plant, saving weight over a conventional

gasoline engine.

e Thermoacoustic piezoelectric power generation may be used as an environmentally
benign source of hydrogen. Solar power can be used to power a thermoacoustic
piezoelectric generator, perform hydrolysis on water, and produce hydrogen gas. The
generator may also contain a thermoacoustic cryogenic liquefier for the hydrogen gas.
It is therefore possible to create liquid hydrogen out of nothing more than sunlight
and water.

While the invention has been particularly shown and described with reference to
preferred embodiments thereof, it will be understood by those skilled in the art that
various alterations in form and detail may be made therein without departing from the
spirit and scope of the invention. In particular, the specific design of the power generator
including heat and coolant sources, shape and design of the resonators, nacelles, heat
exchangers, and regenerators can vary widely within the guidelines disclosed herein.
This also applies to the piezoelectric alternator design, which can vary so long as it is
capable of translating pressure oscillations into piezoelectric stress to generate power.
Other variations will be clear to those of skill in the art. It is the following claims,
including all equivalents which define the scope of the present invention.

We claim,
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